
SPECTROSCOPIC
METHODOLOGY -

Full Papers

31P Magnetization Transfer Magnetic Resonance
Spectroscopy: Assessing the Activation Induced
Change in Cerebral ATP Metabolic Rates at 3 T

Chen Chen,* Mary C. Stephenson, Andrew Peters, Peter G. Morris, Susan T. Francis,

and Penny A. Gowland

Purpose: In vivo 31P magnetic resonance spectroscopy (MRS)
magnetization transfer (MT) provides a direct measure of neu-

ronal activity at the metabolic level. This work aims to use
functional 31P MRS-MT to investigate the change in cerebral
adenosine triphosphate (ATP) metabolic rates in healthy adults

upon repeated visual stimuli.
Methods: A magnetization saturation transfer sequence with
narrowband selective saturation of g-ATP was developed for
31P MT experiments at 3 T.
Results: Using progressive saturation of g-ATP, the intrinsic T1

relaxation times of phosphocreatine (PCr) and inorganic phosphate
(Pi) at 3 Twere measured to be 5.1 6 0.8 s and 3.0 6 1.4 s, respec-
tively. Using steady-state saturation of g-ATP, a significant 24% 6

14% and 11% 6 7% increase in the forward creatine kinase (CK)
pseudo-first-order reaction rate constant, k1, was observed upon

visual stimulation in the first and second cycles, respectively, of a
paradigm consisting of 10-minute rest followed by 10-minute stim-
ulation, with the measured baseline k1 being 0.35 6 0.04 s�1. No

significant changes in forward ATP synthase reaction rate, PCr/g-
ATP, Pi/g-ATP, and nicotinamide adenine dinucleotide/g-ATP ratios,

or intracellular pH were detected upon stimulation.
Conclusion: This work demonstrates the potential of studying
cerebral bioenergetics using functional 31P MRS-MT to deter-

mine the change in the forward CK reaction rate at 3 T. Magn
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Resonance in Medicine published by Wiley Periodicals, Inc.
on behalf of International Society for Magnetic Resonance
in Medicine. This is an open access article under the terms
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mits use, distribution and reproduction in any medium, pro-
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INTRODUCTION

In vivo 31P magnetic resonance spectroscopy (MRS)

has proven to be a useful technique for the study of

bioenergetics associated with different levels of brain

activity (1–4). It not only allows the noninvasive

detection of a number of essential phosphate com-

pounds involved in cerebral adenosine triphosphate

(ATP) metabolism, which plays a central role in

cerebral bioenergetics, but also permits the measure-

ment of cerebral pH and key cerebral ATP metabolic

rates and fluxes. The forward ATP synthase (ATPase)

reaction rate, measured using 31P MRS in resting

human and rat brains, has been shown to be consistent

with the rate of oxidative phosphorylation (4,5). A

study in rats showed that the forward creatine kinase

(CK) and ATPase reaction rates gradually decreased

with increasing depth of anesthesia, suggesting a close

coupling between forward ATPase reaction rates and

the level of brain activity (4). In the human brain, a sig-

nificant decrease in the ratio of phosphocreatine (PCr)

to inorganic phosphate (Pi) and slight increase in pH

was observed during �13 minutes of photic stimulation

(6), whereas a 34% increase in forward CK reaction

rate, without significant change in PCr concentration,

was reported in response to an 8-Hz flashing visual

stimulation (7). More recently, Barreto et al. (8)

reported activation-induced increases in the Pi/a-ATP

ratio and decreases in the ratio of nicotinamide adenine

dinucleotide (NAD) to a-ATP during both short (1.5

minutes) and long (5 minutes) periods of visual stimu-

lation. No prior studies have assessed the changes in

cerebral ATP metabolic rates induced by repeated, pro-

longed visual stimuli using functional 31P MRS.

Cerebral ATP metabolic rates and fluxes can be

measured in vivo using 31P MRS in combination

with magnetization transfer (MT) techniques, such as

saturation transfer (ST) (2–4), inversion transfer

(9,10), and two-dimensional chemical exchange spec-

troscopy (11). The ST method is the most commonly

used in vivo, due to its high efficiency and method-

ological simplicity (12). The tightly-coupled ATPase

and CK reactions can be modeled as a three-pool
31P-spin chemical exchange kinetic network involving

ATP, PCr, and Pi (2,5):
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PCr þADP� þ Hþ�
FCK

f
¼k1 ½PCr�

FCK
f
¼k�1 ½ATP�

ATP þ Cr �
FATPase

f
¼k2 ½Pi�

FATPase
r ¼k�2½ATP�

Pi þADP [1]

where k1, k–1, k2, k–2 are the forward and reverse reaction
rates; FCK

f , FCK
r , FATPase

f , FATPase
r are the associated fluxes

of CK and ATPase reactions; and [ATP], [PCr] and [Pi]
are the concentrations of the three phosphate metabo-
lites. Based on this model, the 31P MRS-observable
changes in the PCr, ATP, and Pi magnetizations

(MPCr ; MATP ; and MPi) with saturation time (tsat) can be
described by the modified Bloch equations (13). For the
progressive saturation of g-ATP (with boundary condi-
tion of MATP ¼ 0 at all saturation times), these equations
can be simplified to:

MPCrðtsatÞ ¼ M0
PCr ½ðk1=R

app
PCr Þexpð�R

app
PCr tsatÞ þ 1=ðRapp

PCr Tint
1;PCrÞ�

[1a]
MPiðtsatÞ ¼ M0

Pi½ðk2=R
app
Pi Þexpð�R

app
Pi tsatÞ þ 1=ðRapp

Pi Tint
1;PiÞ�;

[1b]

where the apparent relaxation rates and longitudinal
relaxation times are given by

R
app
PCr ¼ 1=T

app
1;PCr ¼ ðk1 þ 1=Tint

1;PCrÞ; R
app
Pi ¼ 1=T

app
1;Pi ¼ ðk2 þ 1=Tint

1;PiÞ:

Tint
1;PCr , Tint

1;Pi are the intrinsic longitudinal relaxation times
of PCr and Pi, respectively, corresponding to the relaxa-
tion rate in the absence of any exchange. In the steady-

state condition, with complete saturation of g-ATP, the
Bloch equations can be further simplified with the
boundary conditions of dMPCr

dt ¼ 0 and dMPi

dt ¼ 0 to give:

k1 ¼ ðM0
PCr � M1

PCrÞ=ðM1
PCr Tint

1;PCrÞ [2a]

k2 ¼ ðM0
Pi � M1

Pi Þ=ðM1
Pi Tint

1;PiÞ; [2b]

where M1
PCr and M1

Pi are the steady-state magnetiza-
tions of PCr and Pi. Previous animal and human studies

have shown that the intrinsic T1s of PCr and Pi are
insensitive to changes in physiology (3,4,14,15). To the
best of our knowledge, there are no previous reports of
the values of the intrinsic T1s of PCr and Pi in the
human brain at 3 T. Therefore, in this study, Tint

1;PCr and

Tint
1;Pi values were measured at rest and were then

assumed to be unchanged during activation.
The chemical shift between PCr and g-ATP is only

�2.5 ppm, which means that it is difficult to saturate g-
ATP without partially suppressing the PCr peak (16). In

previous studies, BISTRO (B1-insensitive train to obliter-
ate signal) saturation consisting of adiabatic hyperbolic
secant pulses with variable amplitudes, has been used
for frequency-selective saturation (2,17), but combining

this with a localization method, such as image-selected
in vivo spectroscopy (ISIS) (18), leads to an excessive
specific absorption rate (SAR) (16). More recently, a train
of sinc radio frequency (RF) pulses (bandwidth 75 Hz)

with constant amplitude has been used to reduce RF
power deposition in the MT-ISIS sequence (16,19), but
this still suffers from the problem of RF bleed-over. In

this study, we use highly selective saturation pulses in
the MT-ISIS sequence, with the aim of effectively sup-
pressing only the g-ATP resonance while remaining
within SAR constraints.

Conventional in vivo 31P spectra from the human brain
with no saturation contain a broad, intense phospholipid
baseline due to the chemical shift anisotropy of phos-
pholipids, whose resonant frequency depends on their
orientation in the field (20,21). This baseline is signifi-
cantly reduced by MT saturation at the frequency of g-
ATP, but this confounds the comparison of 31P spectra
with and without saturation. To compensate for this, the
baseline in the 31P spectrum with no MT saturation is
normally removed before quantification using a cubic
spline or Gaussian fit, or by removing the first few points
of data in the time domain (12). However, this procedure
can induce extra postprocessing errors or affect signal-to-
noise ratio (SNR). In this study, we suppressed the phos-
pholipid baseline by applying irradiation in a region of
the 31P spectrum with no peaks of interest. Because the
rotation of the phospholipids is fast compared to the sat-
uration time, phospholipid nuclei that contribute to the
broad baseline pass through the orientation correspond-
ing to saturation frequency at some point, and are thus
saturated (22).

The principal aim of this study was to measure the
changes in ATP metabolic rates in response to repeated,
prolonged visual stimulation using 31P MRS-MT. First,
the performance of the highly selective saturation
sequence for g-ATP irradiation and baseline suppression
was assessed. Second, longitudinal relaxation times (T1)
of PCr and Pi at 3 T were determined using the progres-
sive saturation of g-ATP. Finally, using the steady-state
saturation of g-ATP, the pseudo-forward rate constants
of CK and ATPase reactions (k1 and k2), concentrations
of PCr and Pi, and intracellular pH (pHi) were quantified
during alternating rest and visual stimulation periods.

METHODS

This study was approved by the medical school ethics
committee of the University of Nottingham, and each
subject gave informed consent. The study was performed
on a 3T Philips Achieva system (Philips Medical Sys-
tems, Best, the Netherlands) using a 31P transmit–receive
14-cm diameter loop coil (P-140). A 1H image localizer
was acquired at the start of each experiment, and the 31P
coil was tuned and matched before 31P MRS acquisition.
Shimming was performed using the Philips pencil beam
method, which is based on the FASTMAP method (23).

Saturation Sequence With High Selectivity

Figure 1 shows the MT-ISIS sequence used in the 31P
MRS experiments. Prior to the ISIS localization
sequence, a highly selective MT sequence was applied
comprising multiple amplitude modulated pulses with a
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hyperbolic secant amplitude envelope (fixed maximum

B1 of 2.06 mT and pulse duration of 114.29 ms), each

having a narrow saturation band (full width at half maxi-

mum¼ 31 Hz; full width at 5% maximum¼ 69 Hz), inter-

leaved with crusher gradients (4 ms, 10 mT/m) along all

three directions (Gx, Gy, Gz). The MT pulse was chosen

to provide a saturation profile with a bandwidth that

was narrow but sufficient to fully irradiate the g-ATP

resonance, to have negligible sidebands and to limit

energy deposition to allow the use of the pulse train

with the ISIS localization sequence. The length of the

saturation sequence could be adjusted by varying the

number of pulses (np) and pulse gap (s). The off-

resonance saturation was applied at either �2.5 ppm (rel-

ative to the PCr resonance at 0 ppm) to irradiate the g-

ATP resonance (but also unavoidably the phospholipid

baseline) or at 15 ppm to suppress the phospholipid

baseline alone.
To assess the performance of this MT-ISIS sequence,

31P spectra with saturation applied at �2.5 ppm (g-ATP

resonance),þ 2.5 ppm, and þ15 ppm, respectively, were

acquired (N¼ 1, voxel size¼ 6�6� 6 cm3). Assuming

that saturation at 62.5 ppm leads to the same saturation

on the PCr peak, then the comparison of the effect of sat-

uration at þ2.5 ppm and þ15 ppm of the PCr peak

should reveal any direct saturation due to RF bleed-over

(rather than magnetization transfer). Furthermore, com-

parison of the 31P spectra acquired with saturation at

�2.5 ppm and þ15 ppm should demonstrate if similar

suppression of the phospholipid baseline was achieved.

Progressive Saturation of g-ATP: Intrinsic T1 Measurement

Six subjects (age range: 22–27 years, four males) were

recruited to participate in the g-ATP progressive satura-

tion experiment. 31P spectra were acquired at resting

state from a localized volume (5� 9� 7 cm3) chosen to

cover the occipital lobe using the MT-ISIS sequence

(echo time/repetition time [TR]¼ 0.1/12,000 ms,

samples¼ 4096, spectral bandwidth¼ 3000 Hz, number

of signal averages (NA)¼24, phase cycles¼ 8, scan time-

¼ 5 minutes). Seven 31P spectra were obtained at varying

MT saturation times (tsat¼ 0, 565, 1058, 2045, 3032,

5005, 8295 ms) using a varying number of saturation
pulses (np¼0, 3, 6, 12, 18, 30, 50) at a fixed pulse gap, s
of 50 ms.

The first scan had no saturation at the g-ATP reso-
nance yielding the Boltzmann equilibrium PCr and Pi
magnetizations (M0

PCr and M0
Pi), with the broad baseline

attenuated by applying a train of 32 pulses off-resonance
atþ 15 ppm. The remaining six g-ATP saturation scans
were acquired in a random order. The total scan time
was approximately 45 minutes. The intrinsic T1 of PCr
and Pi were determined by fitting MPCr and MPi mea-
sured for different values of tsat in this progressive g-
ATP saturation experiment, to Eq. [1].

Functional MRS With Steady-State Saturation of g-ATP:
Measurement of Changes in k1 and k2

Nine subjects (age range: 22–27 years, six males) under-
took a visual stimulus paradigm which applied two
cycles of a 10-minute rest block followed by a 10-minute
visual stimulation block. The visual stimulation com-
prised contrast-defined wedges moving toward or away
from a fixation cross of randomized color (24,25), which
was presented through MR-compatible goggles (Visual-
System; NordicNeuroLab, Bergen, Norway). A median
grey background was presented during rest periods. The
built-in diopter correction system and fine-tuning of
pupil distance were adjusted for each subject. Subjects
were asked to focus on the fixation point, a small cross,
in the center of the field of view. To keep subjects
focused during the experiment, they were also asked to
press the fiber-optic response grips (NordicNeuroLab)
with their index fingers immediately when the fixation
cross turned green.

During each block, two 31P spectra (NA¼ 24) were
acquired: one without MT saturation at the g-ATP reso-
nance (tsat¼ 0 s) to measure Boltzmann equilibrium mag-
netizations (M0

PCr , M0
Pi), and one with sufficiently long

MT saturation time (tsat¼ 9820 ms) to measure steady-
state magnetization (M1

PCr , M1
pi ). The total scan time of

this session was approximately 50 minutes. The forward
rate constants of CK and ATPase reactions (k1 and k2)
were calculated based on Eq. [2].

31P MRS Analysis

The 31P data were analyzed in jMRUI version 4 (http://
www.jmrui.eu/) (26). The quantification of 31P metabo-
lites was performed with the AMARES (Advanced Meth-
od for Accurate, Robust and Efficient Spectral fitting)
algorithm (27). With soft constraints on signal linewidths
and resonant frequencies, the in vivo 31P spectra were
fitted to 12 individual components for 10 metabolite res-
onances belonging to phosphoethanolamine, phospho-
choline, intracellular Pi, glycerophosphoethanolamine,
glycerophosphocholine, membrane phospholipids, PCr,
g-ATP, a-ATP, and NAD(H). The doublets of g-ATP
(�2.5 ppm) and a-ATP (�7.5 ppm) were both fitted as
two peak components with fixed separation of 16 Hz (J-
coupling constant) (28) and with the same linewidth and
amplitude. Apodization (line broadening¼15 Hz) was
applied to improve the SNR, assisting the visual inspec-
tion (in the frequency domain) of the quality of the fit.

FIG. 1. Pulse sequence diagram of the MT sequence in combina-
tion with a 3D ISIS localization scheme. The MT sequence com-

prises multiple amplitude-modulated RF pulses of constant
maximum amplitude and length (2.06 mT, 114.29 ms) interleaved
with crusher gradients (4 ms, 10 mT/m) in Gx, Gy and Gz. The ISIS

sequence has three frequency-modulated HS inversion pulses (5.6
ms, BW¼2.2 kHz). An adiabatic p/2 HS pulse of length 5.4 ms

was used for excitation.

24 Chen et al.
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Next, the quantified signals (peak areas) of PCr and Pi

from the g-ATP progressive saturation experiment were

least squares fitted to the model in Eq. [1] using MAT-

LAB (The MathWorks, Inc., Natick, MA) to estimate the

intrinsic T1 of PCr and Pi. The goodness of fit was

assessed from the coefficient of determination, R2. The

forward rate constants of CK and ATPase reactions were

calculated from Eq. [2] based on the PCr and Pi signals

(SPCr, SPi) measured in the steady-state g-ATP saturation

experiment. For each block in the visual stimulation par-

adigm, the concentrations of PCr ([PCr]¼ (SPCr/Sc-ATP)

� [ATP]) and Pi ([Pi]¼ (SPi/Sc-ATP)� [ATP]) were calcu-

lated based on the fully relaxed signals from the 31P

spectra in the absence of g-ATP saturation (TR¼ 12 s),

assuming the relatively stable ATP concentration in the

human brain to be 3 mM (2,29). From these, the forward

fluxes (in mM/s) were calculated as FCK
f ¼ k1� [PCr] and

FATPase
f 5 k2� [Pi], and converted into units of mmol/g/

min, assuming a brain tissue density of 1.1 g/mL (2). The

pHi values for each block were determined based on the

chemical shift difference (dPCr�Pi) between the PCr and

intracellular Pi signals (10,30,31). Lastly, paired t-tests

were performed to test for significant differences in for-

ward reaction rate constants, metabolite concentrations,

and pHi between stimulation and rest blocks.

Error Analysis

To assess the error in the estimate of the intrinsic longi-

tudinal relaxation time (Tint
1 ) via the progressive satura-

tion of g-ATP, a Monte Carlo (MC) simulation study was

performed, based on the time courses of PCr and Pi sig-

nals simulated using the model given in Eq. [1], and the

assumed Tint
1 s and forward reaction rates (Tint

1;PCr ¼ 5 s,

Tint
1;Pi ¼3 s, k1¼ 0.3 s-1, k2¼0.2 s-1) [2]. Random normally

distributed noise of similar variance as found in the in

vivo T1 measurements was added to the simulated signal

curves, producing 1000 datasets, which were then

individually least squares fitted, to predict the average
uncertainty (standard deviation) and mean value of the
estimated Tint

1 of PCr and Pi.
A second MC simulation was performed to assess the

effect of this uncertainty in the estimated Tint
1 values on

the resulting measurement of the reaction rate constants
(k1 and k2) via the steady-state saturation of g-ATP. For
different assumed relative errors in Tint

1 (0%, 20%, 40%),
and simulated signals of PCr and Pi (Eq. [1]) at two satu-
ration times (tsat¼0 and 10 s) with added noise (1000
datasets), k1 and k2 were calculated using Eq. [2], and
the coefficients of variation of the estimated values were
determined.

RESULTS

Figure 2 shows that the fully relaxed PCr signals were
similar for saturation at þ2.5 ppm orþ 15 ppm, indicating
that the bandwidth of the g-ATP saturation profile was
sufficiently narrow to prevent RF bleed-over to the PCr
peak. Thus, the suppression of the PCr peak resulting
from saturation of g-ATP at �2.5 ppm can be considered
to be due to saturation transfer only. In addition, it
shows that saturation applied at þ15 ppm reduced the
phospholipid baseline to a similar level to that produced
by g-ATP saturation at �2.5 ppm. This suggests that
more consistent baselines can be achieved between scans
with and without g-ATP saturation, by applying satura-
tion at þ15 ppm (a region without peaks of interest) for
the scans acquired without g-ATP saturation. Results of
spectral peak fitting are shown in Figure 3a for a repre-
sentative subject. The 31P spectra acquired were of excel-
lent spectral quality across all subjects (PCr linewidth,
FHWM �6–8 Hz, before apodization).

Figure 3b illustrates that in the progressive saturation
experiment, as expected, the magnitude of PCr signals
decreased gradually with increased g-ATP saturation
time (tsat). The Pi signal decreased more slowly and to a
lesser extent with increasing tsat, due to the slower
ATPase reaction rate compared to the CK reaction rate
[3] and the lower concentration of Pi compared to PCr.
Figure 4 shows the normalized PCr and Pi magnetiza-
tions (N¼6) plotted against g-ATP saturation time,
together with the least-square regression fitting (Eq. [1])
for the group-averaged data. From this, the intrinsic lon-
gitudinal relaxation times (Tint

1 ) at 3 T were measured to
be 5.1 6 0.8 s for PCr (R2¼ 0.99) and 3.0 6 1.4 s for Pi
(R2¼ 0.7). The uncertainties in the estimated intrinsic T1

values were determined from the MC simulation (Table 1),
and indicated as expected from Figure 4, that estimated
Tint

1;PCr is more reliable than Tint
1;Pi.

Using the estimated Tint
1 of PCr, the forward rate con-

stant of the CK reaction (k1) during the functional MRS
(fMRS) experiment was determined for each block, and
found to be 0.35 6 0.04 s�1 (block1: visual stimulation
OFF¼ baseline), 0.43 6 0.02 s�1 (block2: visual stimula-
tion ON), 0.37 6 0.03 s�1 (block3: visual stimulation
OFF), and 0.41 6 0.04 s�1 (block4: visual stimulation
ON). Figure 5a shows that the change in the forward rate
constant of the CK reaction, k1, between stimulus states
was quite consistent across subjects. On average, a
24% 6 14% increase in k1 from baseline was observed

FIG. 2. 31P spectra acquired with saturation at �2.5 ppm and a
saturation time (tsat) of 3 s (green), atþ2.5 ppm and a tsat of 10 s

(red), and atþ15 ppm and a tsat of 5 s as used in the main study
(blue). These spectra were acquired from the human occipital
region (voxel size¼6�6�6 cm3). They demonstrate that satura-

tion at 2.5 ppm (even for 10 s) has a negligible RF bleed-over
effect on the PCr peak, that off-resonance saturation of 5s dura-

tion provides adequate baseline suppression, and that saturation
at �2.5 ppm (for just 3 s) is effective for complete g-ATP
saturation.
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during the first visual stimulation ON block

(P¼ 2�10�4). There was no significant change in k1

between the first and second rest (OFF) blocks (P¼ 0.36),

indicating that k1 returned to baseline level during the

second rest block after visual stimulation. In addition, an

11% 6 7% increase was observed during the second

visual stimulation block (P¼0.001). There was no signif-

icant difference in k1 between the first and second visual

stimulation (P¼0.08), with k1 elevated by 18% 6 12%

when averaged over both visual stimulation periods

(P¼ 2�10�6). The forward exchange fluxes for the CK

reaction (FCK
f ¼k1� [PCr]) were found to increase from

1.32 6 0.15 mM/s (or 72.2 6 8.2 mmol/g/min) at rest to

1.56 6 0.11 mM/s (or 85.5 6 6.0 mmol/g/min) on visual

stimulation (an 18% increase).
Using the estimated Tint

1 of Pi, the forward rate con-

stant of the ATPase reaction (k2) in each simulation

block was found to be 0.15 6 0.05 s�1 (stim-OFF),

0.18 6 0.09 s�1 (stim-ON), 0.15 6 0.08 s�1 (stim-OFF),

and 0.17 6 0.10 s�1 (stim-ON). The relative change in k2

showed a similar pattern across blocks to k1 (Fig. 5b),

with a trend for an increase in k2 between the first visual

stimulation OFF and ON blocks of 21% (P¼ 0.35), and

between the second OFF and ON blocks of 12%

(P¼ 0.72). Results from the MC simulation (Table 2)

show that the coefficient of variation in estimated k1

(CVk1% � 7%) is smaller than for k2 (CVk2% � 23%),

largely independent of the relative errors in the estimat-

ed intrinsic T1. This indicates that a change less than

7% in k1 or 23% in k2 is unlikely to be detected. The

baseline forward exchange flux for the ATPase reaction

FIG. 4. Plots of the normalized magnetization ratio of (a) PCr and (b) Pi as a function of g-ATP MT saturation time (tsat¼0, 565, 1058,
2045, 3032, 5005, 8295 ms), and their least-square regression curves (red solid line) for the averaged data (N¼6) according to Eqs. [1a]

and [1b], respectively. Individual data, group mean, and standard deviation are represented by green dots, black circles, and error bars,
respectively. The intrinsic and apparent longitudinal relaxation times of PCr and Pi (Tint

1;PCr ¼5.1 6 0.8 s, Tint
1;Pi ¼3.0 6 1.4 s, Tapp

1;PCr ¼1.7 6

0.3 s, Tapp
1;Pi ¼1.9 6 0.7 s), and forward rate constants of the CK and ATPase reactions (k1¼0.37 6 0.07 s�1, k2¼0.19 6 0.07 s�1) at rest

were determined from these regressions.

FIG. 3. a: Plots of 12 individual peak fitting components from 10

metabolites (top row), including phosphoethanolamine (PE), phos-
phocholine (PC), intracellular inorganic phosphate (Pi), glycerophos-
phoethanolamine (GPE), glycerophosphocholine (GPC), membrane

phospholipids (MP), phosphocreatine (PCr), g-adenosine triphos-
phate (g-ATP), a-adenosine triphosphate (a-ATP), and nicotinamide

adenine dinucleotide (NAD(H)), the residual (middle row), and the 31P
spectrum acquired (at rest) with no MT saturation at the g-ATP reso-
nance and its fitted spectrum in jMRUI for quantification (bottom

row). b: Plots of the seven 31P spectra (voxel size¼5�9�7 cm3)
collected with different MTsaturation times (tsat¼0, 565, 1058, 2045,

3032, 5005, 8295 ms) in a representative subject during the progres-
sive saturation of g-ATP experiment.

Table 1
Assumed and Estimated Intrinsic T1 Values of PCr and Pi and the

Associated Uncertainties Determined by Monte Carlo Simulation

(s) True value Mean Standard deviation CV%

Tint
1;PCr 5.1 5.2 0.8 16%

Tint
1;Pi 3 3.5 1.37 40%

26 Chen et al.



(FATPase
f ¼k2� [Pi]) was determined to be 2.4 6 0.8 mM/s

(or 13.2 6 4.4 mmol/g/min).
Table 3 shows the PCr/g-ATP, Pi/g-ATP, NAD(H)/g-

ATP ratios, and the pHi measured in each block. The

concentration of PCr was found to be 3.7 6 0.3 mM, with

no significant difference between rest and visual stimula-

tion (P¼ 0.48), indicating that the activation-induced

change found in FCK
f was entirely due to the change in

k1. In addition, the concentration of Pi was determined

to be 1.6 6 0.1 mM, with no significant difference

between rest and visual stimulation (P¼ 0.99). There was

no significant difference observed in the average pHi at

rest and on visual stimulation (7.00 6 0.02, P¼ 0.8). Last-

ly, the tendency for a decrease in NAD(H)/g-ATP ratio

upon the first visual stimulation block was not statisti-

cally significant (�5%, P¼ 0.31).

DISCUSSION AND CONCLUSIONS

The magnetization saturation transfer sequence used in

this study was designed to provide high frequency-

selectivity for effective saturation of g-ATP while keep-

ing the RF power deposition low enough to allow it to

be used with ISIS localization with a reasonable TR.

This enabled the use of a TR of 12 s (SARmax¼3 W/kg)

compared to 30 s or longer required by a conventional

BISTRO saturation sequence with ISIS (16). The result-
ing scan time made it feasible to assess changes in
response to repeated visual stimulation in humans. In
addition, this study showed that saturation could be
applied at þ15 ppm to suppress the broad phospholipid
baseline in human brain 31P spectra, and therefore pro-
duce a more consistent baseline across acquisitions with
and without MT saturation at the g-ATP resonance.

A measurement of Tint
1;PCr (5.1 6 0.8 s) was obtained at

3 T in this study, which can be compared to 4.9 6 0.5 s
measured in the human brain at 7 T [2] and 3.8 6 0.6 s in
the rat brain at 9.4 T [4]. The decrease in Tint

1;PCr with the
increasing B0 field strength suggests that the relaxation
of 31P spins in PCr is dominated by the chemical shift
anisotropy mechanism (32). In contrast, the Tint

1;Pi mea-
sured at 3 T in this study (3.0 6 1.4 s) was shorter than
the values of 3.6 6 0.7 s, 3.8 6 0.4 s, and 4.0 6 0.6 s
reported at 4 T, 7 T and 9.4 T (2,4,33), respectively, indi-
cating that the relaxation of 31P spins in Pi may be domi-
nated by dipolar interactions.

The baseline forward rate constant of the CK reaction
(k1) measured using the steady-state saturation of g-ATP
(0.35 6 0.04 s�1), is consistent with k1 at resting state
obtained from the progressive saturation experiment
(0.37 6 0.07 s�1). Early 31P studies reported k1 values of
0.3 6 0.04 s�1 and 0.16 6 0.02 s�1 in the human brain
regions of predominantly gray matter and white matter,
respectively (34), and an average value of 0.42 s�1 over
the entire human brain (35). Our k1 values are more com-
parable with the more recently reported values of
0.33 6 0.04 s�1 [2] and 0.32 6 0.08 s�1 (16) measured
from the human occipital lobe at rest. In addition, the
forward rate constants of ATPase reaction (k2) at rest
obtained in this study from the steady-state and progres-
sive MT experiments (0.15 6 0.05 s�1, 0.19 6 0.07 s�1,
respectively) are comparable with each other, and with
the previously reported values of 0.17 6 0.04 s�1 [3],
0.18 6 0.05 s�1 [2], and 0.21 6 0.04 s�1 (10).

The cerebral ATP synthesis flux through oxidative
phosphorylation estimated from PET measurements of
the cerebral metabolic rate of oxygen (CMRO2) utilization
(CMRO2¼ 1.71 6 0.18 mmol/g/min) in the human occipi-
tal lobe (36) is 10.3 6 1.1 mmol/g/min, based on a P:O2

ratio of 6 [4]. Our estimate for the forward exchange flux
for the ATPase reaction, FATPase

f ¼ 13.2 6 4.4 mmol/g/min,
derived from the 31P steady-state MT measurement of k2

and [Pi] at rest (baseline), is in good agreement with this,
as well as values reported in previous 31P MT studies
(12.1 6 2.8 mmol/g/min [3] and 8.8 6 1.9 mmol/g/min [2]),
which did not use a localization sequence, but relied on

FIG. 5. a: The forward rate constant of the creatine kinase (CK)
reaction (k1) measured within each block during the functional
MRS experiments for each subject, and its mean and SD (repre-

sented with black circles and error bars). b: The mean and SD of
the relative change in forward rate constant of the ATP synthase

(ATPase) reaction (k2) in each block. Visual stimulation was applied
during each ON block.

Table 2

The Coefficients of Variation in the Estimated Forward Rate Con-
stants of CK and ATPase Reactions (k1, k2) Determined by Monte
Carlo Simulation for Different Relative Errors in Intrinsic T1s

Assumed relative
error in Tint

1 CV% of k1 CV% of k2

0% 6.6% 24.0%
þ10% 6.7% 23.3%

þ20% 7.3% 22.8%
þ40% 6.4% 23.2%
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the spatial selectivity of the surface coils used. This sug-
gests that the forward exchange flux of the ATPase reac-
tion measured by the 31P MT method reflects the net
oxidative ATP phosphorylation rate in the human brain.
The possible reasons for this are discussed at length in
Lei et al. (3), and the present findings, obtained from a
well-localized volume in the occipital lobe, lend weight
to their arguments.

In this study, increases of 24% 6 14% and 11% 6 7%
in the pseudo-forward rate constant of the CK reaction,
k1, were observed in the first and second 10-minute
blocks of visual stimulation, respectively, giving an aver-
age increase of 18% 6 12%. This was less than the 34%
increase reported previously for a light flashing at 8 Hz
[7], and greater than the 8% increase induced by repeat-
ed short (20 s) visual stimulation (37). In addition, there
was a trend for an increase in the forward exchange rate
constant of the ATPase reaction during visual stimula-
tion, although it did not reach statistically significance
due to the high coefficient of variation associated with
the measurement (Table 2) and the lower SNR. With the
benefit of greater SNR, a recent study at 7 T measured a
21% increase in the forward chemical exchange flux of
ATPase reaction during repeated short periods of visual
stimulation (37).

The baseline PCr/g-ATP ratio obtained in this study
was 1.22 6 0.09 (at rest), which is comparable to the pre-
viously reported value of 1.3 6 0.1 measured from the
human occipital lobe [2]. In addition, despite the possi-
bility of quantification error due to the limited SNR of
the Pi resonance, the baseline concentration of Pi
([Pi]¼1.6 6 0.1 mM) measured is within the range of pre-
viously reported values (0.85–1.7 mM) (3,10,30,38). Some
early 31P MRS studies in animal (39) and human brains
(6) have indicated a decline in PCr concentration and
PCr/Pi ratio during visual stimulation. However, no sig-
nificant difference in the PCr concentration between rest
and activation was measured in this study, supporting
similar findings reported more recently in the human
brain during visual stimulation under normal and mild
hypoxic conditions (7,40,41) as well as in the rat brain
(14). The unchanged PCr concentration and increased
pseudo-forward CK reaction rate (k1) during stimulation
can be possibly explained by a slightly elevated ADP
concentration (7,40), which shifts the CK reaction in the
direction of ATP synthesis, as well as stimulating glycol-
ysis and lactate production (7,42). Increased local lactate
concentration during functional activation has been
found in a few 1H MRS studies at 7 T (25,43–45). With
the same stimulus paradigm, an attenuated response was
observed in the second period of 10-minute visual stimu-
lation for lactate by Lin et al. (25). A similar trend was

observed for the forward CK reaction rate in this study.
This may relate to neuronal adaptation upon repeated
stimulation and requires further investigation.

The pH change during brain functional activation is
unclear (46). A slight rise in cerebral pHi was previously
reported during photic stimulation (6,47), whereas a
small decrease during checkerboard visual stimulation
has also been reported (48). Murashita et al. (41) sug-
gested the change in pHi due to stimulation is age
dependent, as the pHi increase found in a middle-aged
group (54.4 6 10.5 years) was not observed in a younger
group (28.9 6 10.5 years). No significant change in pHi

was detected in response to visual stimulation (moving
contrast-defined wedges, 10 minutes) in this study in
young healthy volunteers. This agrees with other recent
31P human studies (8,40), in which no change was
observed during visual stimulation even in mild hypoxic
hypoxia. The limited temporal resolution, sensitivity,
and the possible pH heterogeneity in the cortical tissues
within the large 31P MRS voxel (40,49) make it difficult
to capture possible transient changes in cerebral pHi dur-
ing the prolonged visual stimulation. Significant
decreases of �5% and �2% in NAD(H)/ATP have been
recently reported during short (1.5 minutes) and long (5
minutes) photic stimulations (8). In our study, an insig-
nificant decrease was detected in response to a longer
period of visual stimulation (10 minutes).

There are a few possible sources of error leading to
potential bias in our results. Firstly, poor or incomplete
saturation of g-ATP, especially at short saturation time
(tsat), would tend to cause an underestimation of k1 and
k2 (16) in the progressive saturation experiments. In gen-
eral, the highly selective saturation used in this study
was effective for g-ATP irradiation over a large voxel of
interest. The residual g-ATP signals in the 31P spectra
acquired at the shortest tsat (<7% of the unsuppressed g-
ATP signals) were not much higher than the noise level
(�4%). Secondly, using a short TR could cause partial
saturation of the acquired 31P signals, especially for
scans with long tsat, which would then lead to an under-
estimation of k1 and k2 in the steady-state saturation
experiments. Based on a model that considers partial sat-
uration [3], the partial saturation effect on MðtsatÞ=M0

when using a TR of 12 s (as in this study), was found to
be small (�3% for PCr and �1% for Pi at the longest
tsat¼10 s). Thirdly, the 31P signals from Pi in the intra-
cellular and extracellular compartments were not well
resolved at 3 T (this study) or 4 T (33), despite good
shimming. Recent studies (50,51) at ultra–high field have
found that the extracellular Pi resonance is insensitive to
selective saturation or inversion of g-ATP, implying lack
of chemical exchange between the extracellular pool of

Table 3
The Signal Ratios of PCr/g-ATP, Pi/g-ATP, NAD(H)/g-ATP, and the Intracellular pH Measured in Each Block of the Visual Stimulation

Paradigm

Blocks PCr/g-ATP Pi/g-ATP NAD(H)/g-ATP pHi

[1] Stim-OFF 1.22 6 0.09 0.540 6 0.061 0.157 6 0.017 6.99 6 0.04

[2] Stim-ON 1.25 6 0.08 0.540 6 0.052 0.150 6 0.020 7.01 6 0.03
[3] Stim-OFF 1.22 6 0.07 0.535 6 0.049 0.157 6 0.021 7.00 6 0.03
[4] Stim-ON 1.23 6 0.13 0.535 6 0.069 0.153 6 0.025 7.00 6 0.02
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Pi and g-ATP. The calculation of k2 based on the total Pi
signal may therefore lead to the underestimation of k2.
The fact that our measured pH (6.99 6 0.04) was closer
to the previously reported intracellular pH values of 7.06
(50) and 7.04 (8) than to the extracellular pH value of
7.39 (50), indicates that the concentration of Pi and k2

reported in this study are primarily determined by the
dominant intracellular Pi signal. In future studies, the
design of the 31P fMRS experiment could be improved
by interleaving the two types of scan (tsat¼ 0 and 10 s),
as this would enable an increase in the temporal resolu-
tion for the k1 and k2 measurements, thus potentially
allowing the observation of progressive changes within
each stimulation block (assuming that the SNR was
sufficient).

This work has demonstrated the effectiveness of a
highly selective saturation sequence for selective g-ATP
irradiation and phospholipid baseline suppression. Our
findings suggest that the forward creatine kinase reaction
rate is sensitive to increased brain functional activity.
Results show the feasibility of using 31P MRS-MT techni-
ques at 3 T for future noninvasive studies of bioenerget-
ics in response to stimulation, and in a variety of
neurological and neuropsychiatric disorders.
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